Much research has been devoted to the incorporation of erbium ͑Er͒ into semiconductors aimed at achieving photonic integrated circuits with multiple functionalities. GaN appears to be an excellent host material for Er ions due to its structural and thermal stability. Er-doped GaN ͑GaN:Er͒ epilayers were grown on different templates, GaN/ Al 2 O 3 , AlN/ Al 2 O 3 , GaN/Si ͑111͒, and c-GaN bulk. The effects of stress on 1.54 m emission intensity, caused by lattice mismatch between the GaN:Er epilayer and the substrate, were probed. The emission intensity at 1.54 m increased with greater tensile stress in the c-direction of the GaN:Er epilayers. These results indicate that the characteristics of photonic devices based on GaN:Er can be optimized through strain engineering. © 2010 American Institute of Physics. ͓doi:10.1063/1.3295705͔
Rare earth ͑RE͒ doped semiconductors have been studied extensively due to their intra 4f-electron transitions with emission wavelengths covering from visible to infrared region. 1 Trivalent erbium ͑Er 3+ ͒ has been of particular interest since transitions from its first excited state ͑ 4 I 13/2 ͒ to the ground state ͑ 4 I 15/2 ͒ provides 1.54 m emission, which matches the minimum loss band of silica fiber. [1] [2] [3] This affords the possible applications of Er doped semiconductors for emitters and optical waveguide amplifiers at the optical communication wavelength. Extensive studies have been reported on Er incorporation into various kinds of semiconductor hosts, such as Si, SiGe, GaAs, InP etc. [4] [5] [6] [7] [8] However, the thermal quenching effect of 1.54 m emission intensity is severe for narrow band gap host materials 9 and has impeded development for room temperature ͑RT͒ applications. In the last decade, special attention was given to Er doped IIInitride semiconductors since the thermal quenching of 1.54 m emission intensity is greatly reduced in these materials. 2, 9 Different methods have been employed to synthesize Er doped GaN ͑GaN:Er͒, including ion-implantation, 10,11 molecular beam epitaxy, 1,12,13 hydride vapor phase epitaxy, 14 and metal-organic chemical vapor deposition ͑MOCVD͒.
2 In our previous works, [15] [16] [17] we demonstrated in situ growth of GaN:Er and the related applications of light emitting diodes and erbium doped nitride amplifiers. While most of the studies of Er doped GaN have been focused on the optical properties and crystalline quality, little attention has been given to the effects of stress on 1.54 m emission intensity, induced by lattice mismatch between the GaN:Er epilayer and the substrate. Since stress can be engineered during growth, the effect of strain on GaN:Er may provide another way to enhance 1.54 m emission intensity and the characteristics of photonic devices based on GaN:Er. Here we report on the MOCVD growth of GaN:Er on various substrates and the resulting optical characteristics, crystalline quality, and surface morphology.
The GaN:Er thin layers were grown simultaneously by MOCVD on four different types of templates: AlN/ Al 2 O 3 , GaN/ Al 2 O 3 , GaN/Si ͑111͒, and c-GaN bulk. An undoped GaN thin layer was first grown on the substrates, and followed by growth of a GaN:Er epilayer with thickness ϳ1 m. The growth temperature was 1040°C. The details of the MOCVD growth conditions for GaN:Er epilayers can be found in our earlier reports. 2, 15 For optical analysis, photoluminescence ͑PL͒ spectra were taken at RT with above band gap excitation wavelength at 266 nm. An InGaAs detector was used to measure the spectra near 1.54 m.
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As can be seen in Fig. 1 , the GaN:Er film grown on AlN/ Al 2 O 3 yields the strongest 1.54 m emission at 300 K. The next strongest emission is from the GaN:Er film grown on GaN/ Al 2 O 3 , followed by that grown on the GaN/Si ͑111͒ template. The PL intensities for GaN:Er films grown on these two templates are nearly comparable. The weakest emission was observed for GaN:Er film grown on the c-GaN bulk substrate. Intuitively, these results appear in contrary to the fact that the homoepilayer of GaN:Er is expected to have the highest crystalline quality. In Fig. 2 , the -2 x-ray diffraction ͑XRD͒ spectra of ͑002͒ plane of the four samples are shown. It can be seen that use of different substrates gives rise to a shift in the diffraction peak relative to the peak position ͑ϳ34.57°͒ of the c-GaN reference. The lattice constant c for each GaN:Er film can be determined from the XRD data and is listed in the Table I . The GaN:Er film grown on the c-GaN bulk substrate shows almost no strain. However, the lattice constants of the GaN:Er films grown on other substrates are elongated. Based on the XRD data, the out-of-plane strain parameter c can be determined from [18] [19] [20] 
where c 0 is the unstrained lattice constant of GaN ͑c 0 = 5.185 Å͒ and c is the lattice constant of the samples under strain. 20 Positive c means that the thin film exhibits a tensile strain, while negative c refers to the compressive strain. With the exception of GaN:Er grown on c-GaN bulk, each sample showed a tensile out-of-plane strain in the c-direction which was related to the lattice mismatch between the GaN:Er epilayer and the template as well to the Er doping. Thin films grown on the lattice-mismatched substrates are under biaxial stress condition. [20] [21] [22] The in-plane strain parameter a can be expressed as a = − C 33 2C 13 c , ͑2͒
and the biaxial stress ␦ can be represented as
where M f is the biaxial elastic modulus and C ij are the elastic constants of GaN. Using the reported values of C ij ͑C 11 = 390 GPa, C 12 = 145 GPa, C 13 = 106 GPa, and C 33 = 398 GPa͒, 20 we have calculated the biaxial stress for these samples. The stress ranges from 0.5 GPa ͓GaN:Er on GaN/Si ͑111͔͒ to 1.7 GPa ͑GaN:Er on AlN/ Al 2 O 3 ͒, as summarized in Table I . There is no measurable stress for GaN:Er grown on bulk c-GaN. Furthermore, the XRD spectra as shown in Fig. 2 reveal that GaN:Er grown on AlN/ Al 2 O 3 has the lowest crystalline quality, while the epilayer grown on c-GaN bulk possesses the highest crystalline quality. The calculated values are also consistent with the full width of half maximum ͑FWHM͒ data of the XRD spectra listed in Table I . The relatively poorer crystalline quality of GaN:Er grown on AlN/ Al 2 O 3 can be attributed to point-defects or dislocations induced by a larger lattice-mismatch between the template and GaN:Er layer. Although the large stress in the GaN:Er layer grown on AlN/ Al 2 O 3 template results in poorer crystalline quality, the layer emits the strongest 1.54 m PL intensity. This indicates that the crystalline quality of GaN:Er may not be the vital parameter for optimizing the 1.54 m emission intensity of these Er doped thin films. Figure 3 shows the PL intensity at 1.54 m as a function of the biaxial stress ␦ of GaN:Er layers. By changing the templates from c-GaN bulk to AlN/ Al 2 O 3 , the stress of the thin film increases and the intensity of 1.54 m emission is enhanced roughly by three times. However, the crystalline quality of GaN:Er grown on c-GaN bulk substrate is much better than that of GaN:Er grown on nonlattice matched substrates. The 1.54 m emission intensity increases linearly with the biaxial stress ␦ from 0 to 0.7 GPa and reaches saturation for GaN:Er grown on AlN/ Al 2 O 3 templates ͑␦ = 1.7 GPa͒. A similar relationship between 1.54 m emission intensity and strain/stress was also reported for Si: Er + O and Si x Ge 1−x : Er+ O materials grown on Si substrates. 4 Whether under tensile or compressive stress, strained Si: Er + O has a stronger 1.54 m emission than an unstrained film.
The correlation between 1.54 m emission and the stress introduced by the lattice-mismatch, shown in Fig. 3 , opens up the possibility of engineering GaN:Er photonic devices with enhanced emission intensity at 1.54 m. In the free ion Er 3+ state, these electric dipole transitions ͑ 4 I 13/2 − 4 I 15/2 ͒ are forbidden to first order because of parity conservation. Within the GaN host, local electric fields produce a Stark splitting of the energy levels of the Er 3+ ions and certain 4f transitions are possible. Since the wurtzite GaN structure has no inversion symmetry, there is an internal electric field due to spontaneous polarization. Furthermore, stress from the lattice-mismatch produces an additional electric field as a result of the piezoelectric effect. The electric fields acting on the Er 3+ ions lift the degeneracy of the 4f energy levels and lead to emission at 1.54 m. Consequently, the current experiments show that enhanced emission intensity at 1.54 m is possible through strain engineering.
In summary, the optical characteristics and crystalline quality of GaN:Er samples grown on different templates were studied. The measured PL emission at 1.54 m was stronger in GaN:Er epilayers grown on GaN/Si ͑111͒ than in those grown on c-bulk GaN, regardless of the crystalline quality and surface morphology. The XRD data indicate that the 1.54 m emission intensity increases as stress of GaN:Er layer increases. These results demonstrate that GaN:Er layers grown by MOCVD on Si substrates may provide a basis for efficient RT photonic devices. 
